Background {#Sec1}
==========

Modern civilization's reliance on fossil fuels has created enormous economic progress over the past century, but it has also exacted a terrible public health toll \[[@CR1]--[@CR3]\]. Experts have long understood that air pollution from fossil fuels leads to cardio-pulmonary health harms \[[@CR4]\], and scientists are increasingly documenting a wide array of significant health impacts associated with climate change largely driven by the use of fossil fuels \[[@CR2]\]. More recently, neurological health harms associated with fossil fuel use are just now coming to be substantiated in the research literature \[[@CR5]--[@CR8]\]. A wide array of evidence suggests a transition to a clean energy economy would dramatically improve public health \[[@CR1], [@CR3], [@CR9]--[@CR12]\]. Therefore, a pressing question becomes: What is the best way to build public support for a clean energy economy? A modestly sized research literature already exists on how to communicate the cardio-pulmonary health impacts of air pollution, and there is a small but emerging research literature on communicating the health impacts of climate change. What does not yet exist at all is research examining how to communicate the neurological impacts of fossil fuels. Filling that gap is the focus of the current study.

A recent review suggests that informing people about the health implications of climate change can strengthen efforts to increase personal involvement with the issue \[[@CR13]\]. For example, some studies have shown that a focus on the negative health effects of climate change can increase cognitive and affective engagement with the issue across political spectrum, especially among moderates and those who lean conservative \[[@CR14], [@CR15]\].

A separate, but related strategy is to focus on the more direct health effects of air pollution caused by burning fossil fuels as a way to increase public desire for a transition to cleaner sources of energy. Although studies in this area have primarily only tested generalized information about the health effects of fossil fuels or information about cardio-pulmonary harms, this approach shows promise for several reasons. Surveys consistently show that Americans report more concern about local air pollution than climate change \[[@CR16]\]. People also tend to view the health effects of air pollution as closer in time and space, and more personally threatening relative to climate change \[[@CR17]\].

Providing people with information about the health effects of air pollution from fossil fuels also seems to be effective at increasing support for clean energy policies and promoting conservation behaviors. For example, one experiment found that providing information about air pollution from fossil fuels is more effective at decreasing support for fossil fuel use and increasing support for low-carbon energy sources like solar, wind, and nuclear than information about climate change \[[@CR16]\]. A recent field experiment found that providing parents of young children with information about the health effects of air pollution led them to have less favorable attitudes toward fossil fuels \[[@CR18]\].

Several studies have found that focusing on the negative health effects of fossil fuels and justifying mitigation policies in terms of their health benefits was more effective at garnering support among Republicans than justifying them based upon their potential to reduce climate change \[[@CR19]--[@CR21]\]. Similarly, providing information about how pollution from coal power plants leads to premature deaths can increase support for the U.S. federal Production Tax Credit, a policy designed to promote the development of renewable energy \[[@CR22]\]. Lastly, two field experiments have shown that information about the public health externalities of fossil fuel use, such as impacts on childhood asthma and cancer, is more effective at promoting household energy conservation than information about environmental externalities or personal cost savings associated with reduced electricity use \[[@CR23], [@CR24]\].

From a public health perspective, these previous studies suggest that informing people about the negative health effects of air pollution caused by fossil fuels is likely to be a useful way to increase public involvement in decisions about how best to manage those health risks. Yet, it remains unclear what specific kinds of risk information about air pollution are most engaging to people. Helping audiences understand both the severity of a threat and their susceptibility to it are two key ways to help motivate protective action \[[@CR25]\]. Previous research suggests that public awareness of specific health problems caused by air pollution is limited, with people most commonly connecting it to asthma and other respiratory conditions, but few other specific health outcomes \[[@CR26], [@CR27]\]. While the contribution of air pollution to respiratory disease is well-established \[[@CR4]\], a growing body of evidence suggests that air pollution contributes to a range of serious neurological disorders, including neurodevelopmental impacts in children and neurodegenerative effects in older adults \[[@CR5]--[@CR8]\]. Hence, a key goal of the current study was to ascertain how novel information about neurological impacts from air pollution caused by fossil fuels---and who is most vulnerable to those neurological impacts---would impact people's attitudes toward energy use.

In the present study, we build upon previous research in two key ways. First, we sought to identify which specific messages about the health effects of air pollution from fossil fuels were the most concerning to Americans by surveying a demographically diverse group of people recruited through an online non-probability panel and asking them to rank a series of ten statements that included 1) general information about the fact that air pollution harms human health, 2) specific information about well-established health harms from air pollution caused by fossil fuels (such as respiratory and cardiovascular diseases), 3) specific information about emerging health harms from air pollution (including neurodevelopmental and neurodegenerative impacts), 4) information about which populations are the most vulnerable to health harms from air pollution (children, older adults, and low-income populations), and 5) the mechanisms by which air pollution harms human health.

In addition to identifying the most concerning messages overall, we assessed whether statement rankings differ among certain subgroups. Dual-process models of message processing stress the importance of personal relevance in shaping responses to message content \[[@CR28], [@CR29]\]. Because some of the statements we tested focus on the specific vulnerabilities of older adults, children, and low income populations, we suspected that members and caretakers of these groups might rank the statements differently than the general population. Additionally, political identification tends to have a major influence on attitudes toward the environment in the United States \[[@CR30]--[@CR32]\], and recent studies suggest a focus on the health effects of air pollution may be especially engaging among Republicans \[[@CR19], [@CR20]\]. Hence, we wanted to explore whether the messages were ranked differently among Republicans, Independents, and Democrats. This leads us to our first two research questions:RQ1: Which health implications of air pollution from fossil fuel use are most concerning to members of the public?RQ2: Do rankings of concern about the health implications of air pollution from fossil fuel use vary among different sub-groups of the public?

Beyond identifying the most concerning statements about air pollution from fossil fuels, we sought to determine whether exposure to information about the health implications of air pollution from fossil fuel use led to changes in people's attitudes toward air pollution, fossil fuels, and clean energy. To do this, we assessed the cumulative impact of reading the ten statements by measuring participants' attitudes both before and after the ranking task. We view this part of our study through the lens of the expectancy-value model of attitude formation, which posits that attitudes are a function of the weighted sum of evaluative beliefs held by an individual about a given object \[[@CR33]\]. For example, one's attitude toward fossil fuels might be based on the negative belief that they cause harm to the environment and the positive belief that are relatively inexpensive compared to other sources of energy. Depending on the relative importance that people place on harm to the environment versus economic costs, their attitude toward fossil fuels may be positive, negative, or neutral. As a result, persuasive appeals may shift people's attitudes either by providing new considerations that expand or change the set of salient beliefs that form an attitude, or by changing the relative importance that individuals place on existing attitude-relevant beliefs. We suspect that the information about the neurological health effects of air pollution from fossil fuels will be novel and important to most individuals, adding new considerations that will influence their attitudes toward air pollution, fossil fuels, and clean energy. Because more negative attitudes may also lead people to take protective actions to reduce the threat from air pollution caused by fossil fuels \[[@CR25], [@CR34]\], we also assessed whether the statements increased people's intentions to engage in consumer and political advocacy to support the use of clean energy. Given that previous studies have found messages about the health effects of air pollution to be especially persuasive among Republicans \[[@CR19], [@CR20]\], we were also interested to know whether changes in attitudes and behavioral intentions after the message-ranking task would be moderated by party affiliation. In particular, this partisan difference may be driven by "ceiling effects" among Democrats, such that they are already highly supportive of clean energy and thus less responsive to new information about air pollution from fossil fuels \[[@CR19]\]. Therefore, we tested the following two hypotheses, the first of which we consider to be exploratory:

H1: Exposure to information about the health implications of air pollution caused by fossil fuels will enhance engagement in a variety of ways that favor accelerating the transition from a fossil fuel economy to a clean energy economy, including: increasing risk perceptions associated with (a) air pollution, and (b) fossil fuels; (c) increasing support for clean energy use, and (d) reducing support for fossil fuel energy use; (e) increasing opposition to fossil fuel plants near one's home; (f) increasing support for government and industry leadership on clean energy use; and (g) increasing intention to engage in political advocacy in support of clean energy, and (h) increasing intention to engage in consumer advocacy in support of clean energy.

H2: The influence of exposure to information about the health implications of air pollution caused by fossil fuels will be moderated by party affiliation such that Republicans will demonstrate more changes in attitudes and behavioral intentions than Democrats.

Methods {#Sec2}
=======

Sample {#Sec3}
------

Recruitment was conducted in December 2017 by Qualtrics, a vendor that maintains a nationwide non-probability panel of individuals who have agreed to participate in online surveys (for more information about Qualtrics, see: <https://www.qualtrics.com/>). Participants were a demographically diverse group of American adults (total *n* = 1644). Out of the total sample, 1025 individuals were balanced on gender, age, education, income, Hispanic ethnicity, and race to approximate the general U.S. population. The remaining 619 participants were composed of an oversample of roughly 100 additional individuals from each of the following six target groups: African American women, Hispanic women, mothers of young children, expectant mothers, childcare providers/preschool teachers, and healthcare professionals. We intentionally oversampled these groups to understand whether message rankings differed according to these individuals because they represent members and caretakers of populations that are particularly vulnerable to the health effects air pollution from fossil fuels \[[@CR8], [@CR35], [@CR36]\]. Demographic characteristics of the total sample can be found in Table S1 of Additional file [1](#MOESM1){ref-type="media"}.

Protocol {#Sec4}
--------

After agreeing to participate in the study, participants were asked a number of demographic questions. These questions were included at the beginning of the survey so that we could identify whether their response would fulfill outstanding demographic quotas without forcing participants to fill out the complete survey. This section was followed by questions to measure participants' attitudes toward air pollution, fossil fuels, and clean energy, and their behavioral intentions regarding consumer and political advocacy (see below). Next, participants engaged in a maximum difference scaling exercise to elicit their ranking of ten different statements about fossil fuels and health. These ten statements were designed to present a broad range of factual information about the health consequences of air pollution caused by burning fossil fuels, including statements about well-established health harms such as asthma, cancer, and heart disease; emerging neurological health harms to children; emerging neurological health harms to older adults; mechanisms by which air pollution causes harm to health; and statements about who is most likely to be harmed by air pollution from fossil fuels (see Table [1](#Tab1){ref-type="table"} for exact wording of the statements). Creation of the ten statements was informed by respondent feedback from a separate study we conducted, consisting of in-depth interviews with 32 individuals. Participants in that study were provided a one-page statement about air pollution, fossil fuels, and health and then asked to answer a number of questions about their reaction to the information in the document. It is important to note that these ten statements are evidence-based, and were reviewed before use by experts on the health impacts of air pollution caused by fossil fuel use. A science synthesis document from which the statements were derived can be found here: <https://bit.ly/2MTtGjO>.Table 1Statement rankings including subgroup analysis of members and caretakers of vulnerable populationsStatement textTotal (*n* = 1644)Older adult (*n* = 396)Low income (*n* = 334)Mother of Young Children (*n* = 465)Expectant Mother (*n* = 150)Childcare Provider (*n* = 201)Healthcare Professional (*n* = 288)Air pollution and toxic chemicals released when fossil fuels are burned can cause delays in development, reduced IQ, attention deficits, learning difficulties, behavioral problems, and autism in babies and children, even when the exposure occurs before birth1211111Air pollution caused by burning fossil fuels is causing permanent damage to the brains of many young children and older adults in America, robbing children of their full mental potential, and older adults of their mental abilities late in life.2122222New research shows that air pollution and the toxic chemicals from burning fossil fuels harms the brains of children -- including babies before birth -- making it more difficult for them to learn and thrive.3333333Toxic chemicals -- like lead, arsenic, and mercury -- that are released when coal, oil, and natural gas are burned to make energy can cause serious harm to people's brains and mental abilities.4465554The harmful effects of air pollution from burning fossil fuels are worst for babies before and after birth, young children, the elderly, and people living or working closest to power plants and congested highways.5544447Millions of Americans suffer health problems like asthma, cancer and heart disease because of air pollution and toxic chemicals from burning fossil fuels to make energy.6656776The air pollution caused by burning fossil fuels contains tiny particles that carry toxic chemicals deep inside people's bodies, harming their lungs, hearts and brains.7777665New research shows that the air pollution and toxic chemicals from burning fossil fuels can be especially harmful to older adults, contributing to dementia and possibly Alzheimer's Disease.889101088Burning fossil fuels creates air pollution and releases toxic chemicals that contribute to serious -- sometimes life-long -- health problems for many Americans.991088109Americans living in poverty are especially at risk from air pollution and toxic chemicals that are released when fossil fuels are burned, because they often live or work close to power plants and congested highways.1010899910Note: Older adult = age 55 or older; Low income = Household income less than \$25,000; Mother of young children = mother with at least one child age 5 or younger

Maximum difference scaling --- or MaxDiff --- is a methodology that allows researchers to determine the relative preferences of respondents for a series of items \[[@CR37]--[@CR39]\]. For this study, we applied the MaxDiff technique to evaluate a series of ten statements to identify the ones that cause the most and least concern. The ten statements were shown to each respondent multiple times across eight screens, with each screen displaying a different combination of four statements. Each statement was displayed on average three times. On each screen, respondents were asked to select the statement that causes them the most concern and the one that causes them the least concern (see Additional file [1](#MOESM1){ref-type="media"} for exact question wording). These two selections provide five data points per screen on a respondent's preferences about the four statements displayed. For example, if statements A, B, C, and D are shown, and a respondent selects A as the greatest concern and D as the least concern, we learn that: A \> B; A \> C; A \> D; B \> D; C \> D.

Through a hierarchical Bayes estimation method developed by Sawtooth Software, these data points --- 40 per respondent from the eight screens --- allow for the calculation of individual respondent-level utility scores for each of the items tested. The total study has 65,760 data points for the MaxDiff exercise (1644 survey interviews × 40 data points), which provide a high level of precision and confidence in the aggregated utility scores.

MaxDiff message evaluation offers distinct advantages over traditional methodologies using a Likert or numbered rating scale. The main advantage is that as a forced-choice exercise, respondents cannot rate all of the messages equally positive (or equally negative). In order to proceed through the survey they must pick and choose between the different options. The resulting data are highly differentiated and more clearly show strong and weak messages. Also, because there is no rating scale involved, MaxDiff eliminates scale-use bias, where different respondents use the same rating scale differently. For example, one respondent may only provide answers between 8 and 10 on a 0--10 scale while another respondent only provides answers between 7 and 9, despite both respondents holding similar views.

In addition to calculating the utility scores for each message, we also conducted a Total Unduplicated Reach Frequency analysis --- or simply "reach analysis" --- to identify the combination of messages that, taken together, are *most* highly concerning to the largest portion of respondents \[[@CR40]\]. While the utility scores tell us the relative ranking of the messages for all respondents, a statement's "reach" equals the percentage of respondents ranking that item as their greatest or second greatest concern. The "reach" for any two statements equals the percentage of respondents ranking either statement as their greatest or second greatest concern. Our analysis examines the total reach for every possible combination of statements and determines the package that causes the most concern.

The reach analysis provides guidance on the unique, unduplicated effect of each statement. Such an analysis would typically look for the combination of statements that greatly concerns 80% or more of the target audience, usually 3--5 statements.

After completing the MaxDiff exercise, participants were again asked the same attitude and behavioral intention questions. Lastly, participants were asked questions about their political orientation.

To examine the cumulative effect of reading and ranking the statements on participants' attitudes and behavioral intentions, we conducted a series of mixed-design ANOVAs (analysis of variance) with time (T1- pre-test vs. T2- post-test) as a within-subjects factor and party affiliation as a between-subjects factor. A Bonferroni adjustment was used for all pairwise comparisons.

Effect size estimates for specific contrasts are provided in terms of Cohen's *d* \[[@CR41]\]*.* The effect size descriptors---small, medium, and large---are specific to communication research, and were derived from a quantitative review of meta-analyses \[[@CR42]\]. A small effect refers to a Cohen's *d* value of less than .20, a medium effect refers to values of *d* between .20 and .50, and a large effect refers to values of *d* greater than .50 \[[@CR42]\]. A power analysis conducted with G\*Power 3.1 revealed that our sample size (*n* = 1644) gave us enough power to detect a small effect size for the main effect of the within-subjects factor (*d* = 0.070) and the interaction of the within-subjects factor with partisanship (*d* = .086), assuming α = .05, β = .80 \[[@CR43]\].

Dependent variables {#Sec5}
-------------------

### Perceived health risk of air pollution {#Sec6}

Perceived risk of air pollution was measured with a single 6-point item that asked people to indicate how much of a risk they feel air pollution poses to the health of their family members. (1 = No risk at all; 2 = Very small risk; 3 = Small risk; 4 = Medium risk; 5 = Large risk; 6 = Very large risk). The question also included a "Don't know" response option which was treated as missing data in analysis. This measure was adapted from one used in previous research \[[@CR44]\].

### Perceived health harm from fossil fuels {#Sec7}

Perceived harm from fossil fuels was the average of three 5-point items that asked respondents to rate the following sources of energy in terms of how harmful they are to people's health: *coal; oil;* and *natural gas*. The list of different energy sources assessed in the survey question also included solar, wind, hydroelectric, and geothermal. All the energy sources were presented in random order to prevent order effects. (1 = Not at all harmful; 2 = A little harmful; 3 = Moderately harmful; 4 = Very harmful; 5 = Extremely harmful). The items also included a "Don't know" response option which was treated as missing data in analysis. Cronbach's  α~T1~ = .73; α~T2~ = .76. This measure was adapted from one used in previous research \[[@CR16], [@CR44], [@CR45]\].

### Support for fossil fuel energy use {#Sec8}

Support for fossil fuel energy use was the average of three 7-point items that asked participants whether they think the United States should use less, more, or about the same amount of the following sources of energy over the next several years: *coal; oil;* and *natural gas*. The list of different energy sources assessed in the survey question also included solar, wind, hydroelectric, and geothermal. All the energy sources were presented in random order to prevent order effects. (1 = Much less; 2 = Somewhat less; 3 = A little less; 4 = About the same; 5 = A little more; 6 = Somewhat more; 7 = Much more). Cronbach's α~T1~ = .77; α~T2~ = .81. This measure was adapted from one used in previous research \[[@CR16], [@CR46]\].

### Support for new fossil fuel plant near one's home (NIMBY attitude) {#Sec9}

Support for a new fossil fuel power plant near one's home (a measure of "not in my back yard" or NIMBY attitude) was the average of three 7-point items that asked participants whether they would support or oppose a new power plant being built within 25 miles of their home that uses the following sources of energy: *coal; oil;* and *natural gas*. The list of different energy sources assessed in the survey question also included solar, wind, hydroelectric, and geothermal. All the energy sources were presented in random order to prevent order effects. (1 = Strongly oppose; 2 = Moderately oppose; 3 = Slightly oppose; 4 = Neither support nor oppose; 5 = Slightly support; 6 = Moderately support; 7 = Strongly support). Cronbach's α~T1~ = .82; α~T2~ = .83. This measure was adapted from one used in previous research \[[@CR16]\].

### Support for clean energy use {#Sec10}

Support for clean energy use was the average of four 7-point items that asked participants whether they think the United States should use less, more, or about the same amount of the following sources of energy over the next several years: *solar; wind; hydroelectric;* and *geothermal*. The list of different energy sources assessed in the survey question also included coal, oil, and natural gas. All the energy sources were presented in random order to prevent order effects. (1 = Much less; 2 = Somewhat less; 3 = A little less; 4 = About the same; 5 = A little more; 6 = Somewhat more; 7 = Much more). Cronbach's α~T1~ = .83; α~T2~ = .81. This measure was adapted from one used in previous research \[[@CR16], [@CR46]\].

### Support for government and industry leadership on clean energy {#Sec11}

Support for government and industry leadership on clean energy was the average of seven 7-point items that asked whether the following should be doing more, less, or about the same amount as they are doing now to support the use of clean energy: *The President; the U.S. Congress; the U.S. Environmental Protection Agency; the U.S. Department of Energy; your state government; your local government; and corporations and industry.* All entities were presented in random order to prevent order effects. (1 = Much less; 2 = Somewhat less; 3 = A little less; 4 = About the same; 5 = A little more; 6 = Somewhat more; 7 = Much more). Cronbach's α~T1~ = .96; α~T2~ = .96. This measure was adapted from one used in previous research to assess support for government and industry leadership on climate change \[[@CR14], [@CR46]\].

Consumer advocacy intentions {#Sec12}
----------------------------

Consumer advocacy intentions were the average of three 5-point items that asked how likely they are to engage in the following actions over the next 12 months to support clean energy: *contact corporate officials to urge them to support the use of clean energy; contact your local electrical utility to urge them to support the use of more clean energy; purchase clean energy from your local utility*. (1 = Not at all likely; 2 = Slightly likely; 3 = Moderately likely; 4 = Very likely; 5 = Extremely likely). Cronbach's α~T1~ = .85; α~T2~ = .87.

Political advocacy intentions {#Sec13}
-----------------------------

Political advocacy intentions were the average of three 5-point items that asked how likely they are to engage in the following actions over the next 12 months to support clean energy: *contact government officials to urge them to support the use of clean energy; join an organization working to support the use of more clean energy; vote for a political candidate because they support the use of more clean energy*. (1 = Not at all likely; 2 = Slightly likely; 3 = Moderately likely; 4 = Very likely; 5 = Extremely likely). Cronbach's α~T1~ = .82; α~T2~ = .84. This measure was adapted from one used in previous research to assess political advocacy intentions about global warming \[[@CR46]\].

Moderator variable {#Sec14}
------------------

### Party affiliation {#Sec15}

Party affiliation was measured with a single 7-point item that asked participants whether they think of themselves as a 1 = strong Democrat, 2 = Democrat, 3 = Independent, but lean Democrat, 4 = Independent, 5 = Independent, but lean Republication, 6 = Republican, 7 = Strong Republican.

Results {#Sec16}
=======

Statement rankings {#Sec17}
------------------

Contrary to expectation, there was a high level of agreement among all sub-groups analyzed regarding which statements were most concerning to them. The total population sampled, as well as each sub-group isolated in the analysis (Table [1](#Tab1){ref-type="table"}: older adults, low income, mothers of young children, expectant mothers, childcare providers, and healthcare professionals; Table [2](#Tab2){ref-type="table"}: Democrats, Independents, Republicans) identified the same three statements as being of greatest concern. Most concerning was a statement about a range of specific neurological health problems that air pollution can cause in babies and young children. Second most concerning was a statement about the potential for air pollution to cause permanent damage to the brains of children and older adults. Third most concerning was a general statement about harm to the brains of children---including babies before birth---that makes it more difficult for them to learn and thrive.Table 2Statement rankings including subgroup analysis of Democrats, Independents, and RepublicansStatement textTotal (*n* = 1644)Democrat (*n* = 670)Independent (*n* = 393)Republican (*n* = 581)Air pollution and toxic chemicals released when fossil fuels are burned can cause delays in development, reduced IQ, attention deficits, learning difficulties, behavioral problems, and autism in babies and children, even when the exposure occurs before birth1111Air pollution caused by burning fossil fuels is causing permanent damage to the brains of many young children and older adults in America, robbing children of their full mental potential, and older adults of their mental abilities late in life.2222New research shows that air pollution and the toxic chemicals from burning fossil fuels harms the brains of children -- including babies before birth -- making it more difficult for them to learn and thrive.3333Toxic chemicals -- like lead, arsenic, and mercury -- that are released when coal, oil, and natural gas are burned to make energy can cause serious harm to people's brains and mental abilities.4544The harmful effects of air pollution from burning fossil fuels are worst for babies before and after birth, young children, the elderly, and people living or working closest to power plants and congested highways.5476Millions of Americans suffer health problems like asthma, cancer and heart disease because of air pollution and toxic chemicals from burning fossil fuels to make energy.6655The air pollution caused by burning fossil fuels contains tiny particles that carry toxic chemicals deep inside people's bodies, harming their lungs, hearts and brains.7767New research shows that the air pollution and toxic chemicals from burning fossil fuels can be especially harmful to older adults, contributing to dementia and possibly Alzheimer's Disease.8998Burning fossil fuels creates air pollution and releases toxic chemicals that contribute to serious -- sometimes life-long -- health problems for many Americans.91089Americans living in poverty are especially at risk from air pollution and toxic chemicals that are released when fossil fuels are burned, because they often live or work close to power plants and congested highways.1081010

There were also high levels of agreement among all sub-groups regarding the three least concerning statements. The least concerning statement called attention to and explained why low-income populations are particularly vulnerable to air pollution. Second least concerning was a more general statement that invoked the "serious---sometimes life-long---health problems for many Americans" caused by air pollution. The third least concerning statement focused solely on older adults, even though it mentioned air pollution "contributing to dementia and possibly Alzheimer's Disease" which we assumed would be conditions of grave concern to many people.

The statements ranked in the middle included a statement about the vulnerability of multiple groups (low-income populations, older adults, and children), two statements about the mechanisms by which air pollution causes health problems (one of which focused on specific toxic chemicals in air pollution, and the other focused on explaining why the "tiny particles" in air pollution are so harmful), and a statement about well-established health problems caused by air pollution (e.g., heart disease, asthma, and lung cancer).

Reach analysis {#Sec18}
--------------

We conducted a reach analysis to identify which four statements were ranked as the first or second most concerning by the largest number of respondents, in this case, 84%. The overall most highly ranked statement (which outlined the specific neurological health problems that air pollution can cause in children) was ranked as first or second most concerning by 40% of respondents (\#1 by preference score). Next, the message that outlined some of the well-established health problems caused by air pollution was ranked as first or second most concerning by 18% of participants (\#6 by preference score). The statement that emphasized the vulnerability of older adults and children to the long-lasting neurological effects of air pollution was ranked as first or second most concerning to 16% of respondents (\#2 by preference score). Lastly, the message that identified the specific toxic chemicals released by burning fossil fuels that can cause neurological harm to people was ranked first or second most concerning by 10% of participants (\#4 by preference score).

Cumulative message effects {#Sec19}
--------------------------

Engaging in the message-ranking exercise led to substantial (i.e., medium-sized effects) increases in participants' perceived risk of air pollution and fossil fuels (see Table [3](#Tab3){ref-type="table"}). Additionally, participants became less supportive of fossil fuel energy use in the United States, and more opposed to a new fossil fuel power plant being built near their home. Participants also became more likely to support clean energy use in the United States and became more supportive of government and industry efforts to embrace clean energy. Participants also became more likely to express an intention to engage in consumer advocacy, although not more likely to intend to engage in political advocacy. Taken together, these findings support our first hypothesis, with the exception of increased intention to engage in political advocacy. However, we did not find support for our second hypothesis. None of the effects of the statement-ranking exercise were moderated by partisan orientation (see Additional file [1](#MOESM1){ref-type="media"}: Tables S2-S9).Table 3Within-subjects effect of reading and ranking messages on attitudes about air pollution and energy useFdfError df*p*-valueEffect size *d*T1 MeanT1 Std. DeviationT2 MeanT2 Std. DeviationPerceived risk of air pollution101.3811551\< 0.0010.273.821.534.221.49Perceived harm of fossil fuels96.7511545\< 0.0010.252.970.983.221.00Desire for more fossil fuel use25.4811637\< 0.0010.103.551.393.401.46Desire for new fossil fuel plant near home26.5711637\< 0.0010.093.451.553.311.56Desire for more renewable energy use12.7111637\< 0.0010.084.771.394.881.36Desire for societal support for clean energy14.5211637\< 0.0010.075.131.615.251.59Intention to engage in consumer advocacy5.27116370.0220.042.741.162.801.18Intention to engage in political advocacy0.06116370.8060.012.801.162.811.19

Discussion {#Sec20}
==========

To our knowledge, our study is also the first to investigate how people respond to information about the neurological risks associated with air pollution from fossil fuels.

These results add to the growing literature on how to best communicate about the public health implications of fossil fuel use. They also extend previous research that provided an understanding of how people respond to a subtle reframing of energy and climate policy as public health issue versus an environmental, economic, or national security issue \[[@CR15], [@CR19], [@CR20], [@CR24]\].

Out of the ten statements we tested, we found that a statement about the specific neurological health threats to children caused by air pollution from fossil fuels was the most concerning message overall, and among all sub-groups except older adults (who ranked the statement second most concerning). However, this does not mean that communicators should solely focus on this one message. Our analysis suggests that in order to reach the broadest possible audience, it is also important to talk about how air pollution can have long-lasting effects on the brains of children and older adults, the toxic chemicals in air pollution that lead to neurological harm, and to address more well-established forms of health harms from air pollution such as respiratory and cardiovascular disease.

In terms of the attitudinal impact of reading the statements, we found the greatest treatment effect on risk perceptions associated with air pollution and fossil fuels, with people coming to see them as more harmful. We also observed increased support for clean energy use and decreased support for fossil fuel use. The statements were comparatively less effective at influencing people's intentions to engage in advocacy, causing only a small increase in intention to engage in consumer advocacy and no change in intention to conduct political advocacy. This finding fits with past research which shows that messages that are effective at increasing concern and cognitive involvement with an issue do not necessarily produce a similar effect that motivates advocacy behavior \[[@CR47]--[@CR49]\]. Moreover, the statements presented to participants only included information about the health threats posed by air pollution; they did not address other factors known to predict engagement in advocacy, such as beliefs about the efficacy of solutions and protective actions \[[@CR50]\], perceived norms about the level of activism among one's peers \[[@CR51]\], concerns about identifying as an activist \[[@CR52]\], or the set of conditions that make people view civic organizations as open, friendly, and pleasant places to build social relationships while doing advocacy work \[[@CR53], [@CR54]\].

One interesting finding from our study is the high degree of consistency in the message rankings among the different subgroups we examined. In particular, it was remarkable that messages about neurological harm to children were ranked above the messages specifically about increased vulnerability to older adults and low-income populations, even among members of those threatened groups. This may be due to the fact that many people have a psychological predisposition to feel greater pity for children than many other social groups \[[@CR55]\], and a desire to leave behind a positive legacy for future generations \[[@CR56]\]. An alternative explanation is that participants in these other vulnerable groups were engaged in a form of defensive processing such that they rejected the personal relevance of the messages because they do not personally identify themselves as elderly or a member of a low-income family \[[@CR57]\]. It is also possible that the statements about neurological harm to children were ranked highly because they were more successful at increasing perceived severity of the threat from air pollution given that they are long-lasting in nature and occurring toward the beginning of the lifespan. We did not include measures that would allow us to ascertain whether some statements caused differences in perceived severity and susceptibility among participants, but this is a promising avenue for future research that could improve our understanding of why some messages were rated as more concerning than others.

We also found little variation in statement rankings and attitudinal responses to the messages across partisan orientations. While some research has suggested that messages about air pollution may be especially effective at generating support for climate-friendly policies among Republicans, these past studies compared the effect of an air pollution message relative to one about climate change \[[@CR19], [@CR20]\]. Hence, it may be that there is nothing intrinsic to information about the health effects of air pollution that is especially persuasive to Republicans, but rather that information about climate change tends to be particularly unpersuasive among Republicans, contributing to partisan polarization. Furthermore, the fact that Democrats and Republicans exhibited attitude changes of similar magnitudes in response to the treatment (see Additional file [1](#MOESM1){ref-type="media"}: Tables S10-S12) suggests that ceiling effects did not influence the results, and that information about the health effects of air pollution from fossil fuels is persuasive across partisan lines.

Like any study, ours is not without limitations. First, we relied upon a quota sample drawn from non-probability internet panel for participants. While quota-matching can reduce selection bias in non-probability samples, we cannot rule out the possibility that a probability sample would yield greater external validity \[[@CR58]\]. Our sample was also limited to U.S. adults. Given that air pollution from fossil fuels threatens global health, more research is needed to understand how people from other countries and cultures might respond to the risk information we tested. For example, intercultural differences might lead some non-U.S. groups to express greater concern about neurological harm to older adults relative to what we observed with a U.S. sample.

In the present study, we only tested ten different statements about the health effects of air pollution from fossil fuels. It is likely that even stronger and more persuasive statements about this topic could be created. Moreover, the ranking task specifically asked respondents to rank the statements in terms of how concerning they found them. It is possible that respondents may have ranked the statements differently given a different criterion, such as which message is most likely to get them to sign a petition or seek out more information about the health effects of air pollution. Future research might examine additional statements or use different criteria for ranking them.

Our assessment of the persuasive impact of the statements relied upon a within-subjects, pre-post design. By having participants answer the same set of questions twice within the same survey (before and after the ranking task) it may have sensitized some of them to the purpose of the study and artificially inflated the treatment effects we observed in the within-subjects analysis. It is also important to note here that the "treatment" in our study was the statement ranking task which likely caused participants to engage in more effortful processing of the statement content than simply reading them without ranking them. Research has shown that more effortful processing of information can lead to stronger and longer-lasting attitudinal changes \[[@CR29], [@CR59]\]. Thus, one interpretation of our results is that they represent a relatively high-end estimate of the persuasive impact of information about the health effects of air pollution from fossil fuels. Lastly, it is also important to note that our evaluation of the persuasive impact of the messages examined the cumulative effect of reading the entire set of ten messages, repeatedly. While the ranking task suggests which of the ten messages are likely the strongest, we cannot say how effective any individual message will be in isolation.

To address these limitations, future research might test the optimal set of messages identified in our study using a between-subjects experimental design to reduce sensitization and use a more naturalistic stimulus format such as a mock news article or action request from an advocacy organization to increase ecological validity. Partnering with civic organizations to test these messages in field experiments would also help to evaluate the ecological validity of our findings \[[@CR18], [@CR60]\]. Recently, social scientists have begun to investigate the key principles of effective visual communication of climate change \[[@CR61]\]. A complementary effort should be made to assess the most effective ways to visually communicate the health effects of air pollution as a complement to textual communication.

Conclusions {#Sec21}
===========

Humanity's continued reliance on fossil fuels is contributing to one of the greatest global health threats of the twenty-first century both indirectly through climate change and directly through air pollution \[[@CR3]\]. Our study suggests that informing people about the negative health effects of air pollution caused by burning fossil fuels can help increase public engagement around this issue. In particular, information about the neurological harm that air pollution causes to the developing brains of babies and young children seems to be especially concerning to people.

Efforts to communicate the cardio-pulmonary health harms associated with air pollution are reasonably well established (e.g., see the activities of the American Lung Association). Efforts to communicate the health harms of global warming are newly emerging (e.g., see the activities of the Medical Society Consortium on Climate and Health). Efforts should now be organized to communicate the neurotoxic harms of air pollution from fossil fuel use, especially the neurodevelopmental effects on babies and children. Such efforts have the potential to involve important new stakeholders and trusted voices that have not traditionally been involved in the campaign to clean our air and energy supplies -- for the health benefit of all.

Additional files
================
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Additional file 1:This file contains supplementary **Tables S1--12** and question wording for the MaxDiff procedure. (DOCX 24 kb) Additional file 2:This file contains all data underlying the analyses reported in this article. (CSV 11640 kb)
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